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in a situation where we want to treat infectious disease without inflicting collateral damage to our commensal microbiomes.
In the West, phages achieved significance not as therapeutic agents, but as tools essential to the discovery of many fundamental concepts in biology [9] . Hershey and Chase used phages to identify DNA as the material of genes in 1952 [10] , while further pioneering studies paved the way to our understanding of gene regulation [9] . Phage research has been crucial in establishing many of the central doctrines of molecular biology and has given rise to key molecular biology reagents including restriction enzymes, DNA ligase and more recently the Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas system that has provided a general approach to genetically manipulating genomes [9] .
Never has the time been so appropriate to revisit phages as potential therapeutics in the face of the antibiotic resistance crisis, and during the growing need for targeted antimicrobials which do not result in collateral microbiome damage. Perhaps with the benefit of hindsight, we can learn from our mistakes that have led to the current antibiotic crisis, and deploy phages in a more precise and defined manner to fight against the increasing burden of infection ( Figure 1 ). Fortunately, we do not have to speculate about how phages might have been used to combat disease because we have a practical example of where they have been used -eastern Europe.
The status of phage therapy in eastern Europe & the western world Phage therapy is practiced today in several places around the globe including Russia, Georgia and Poland, the latter of which has a government-approved phage treatment center. However, most of the available information stems from the latter two countries. Phage therapy is routinely used in Georgian hospitals and clinics for therapeutic and prophylactic purposes; primarily driven by research and development emanating from the Eliava Institute in Tbilisi. The Institute's main focus has been on the development of phage cocktails, along with their characterization, production and implementation for human therapy and prophylaxis [11, 12] , veterinary applications, food safety, and environmental protection [12] . Over-the-counter phage preparations for self-care or for use on the advice of a doctor are commercially available throughout Georgia, while medical personnel have access to a broader range of phage therapy products [11] . Cocktails are updated regularly by testing against current problematic strains and upgrading as necessary with new phages [13] . In 2003, the Phage Therapy Center was founded with a mission to provide therapy for difficult-to-treat infections, including acute and chronic infections, antibiotic resistant infections and infections in patients with poor circulation. This multifaceted center works directly with patients, manages patient records, tests the effectiveness of cocktails, and when required, arranges the isolation of new phages by the Eliava Institute.
The Hirszfeld Institute of Immunology and Experimental Therapy, which was established in 1952 by the Polish Academy of Sciences in Wroc-law, has collected over 800 phages against many pathogens [14] . The Institute isolates and identifies bacterial strains from patient specimens, determines phage sensitivity of isolated strains against its phage collection and prepares specific phage lysates for treatment. Hence, their 'personalized' approach differs to that of the Eliava Institute which uses a 'pre-prepared cocktail' [11] . Following Poland's membership entry to the European Union, the government-approved Phage Therapy Unit (an outpatient clinic) was established in 2005 to enable the continued application of phage therapy under EU regulations and is supported by the Bacteriophage Laboratory of the Hirzfeld Institute. The Unit deals with cases where prior antibiotic treatment has failed and is only possible under the rules of a 'therapeutic experiment' (experimental treatment) in line with respective Polish regulations and the Declaration of Helsinki [15] .
However, despite the apparent success of phage therapy in these locations, the paucity of peer-reviewed controlled clinical trials makes it difficult to properly evaluate the effectiveness of such therapeutics by western standards; although peer-reviewed clinical data generated from observational studies of phage therapy in patient treatment are available [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] (see Table 1 for details).
The 'pre-prepared cocktail' approach of the Eliava Institute involves complex mixtures of unknown phages, which would fail to gain acceptance as human therapeutics under the EMA and US FDA regulations. Indeed, the phage populations present in the Eliava Institute's IntestiPhage cocktail were revealed in 2015 by metagenomic analysis that identified 23 major phage clusters in different abundances, mainly composed of Myoviridae (35%), Siphoviridae (32%) and Podoviridae (15%) [13] . While no undesirable genes were identified, the authors suggest that low abundance phages were potentially missed in the analysis.
Unlike conventional medicines, the success of phage therapy relies on the ability to update cocktails with different phages or to develop personalized phage preparations to treat specific infections that are beyond the scope of current EU regulatory frameworks. Indeed, at a 2015 EMA workshop [27] , it was clarified that phage therapy falls under the existing EU regulatory framework on human medicinal products in Directive 2001/83/EC [28] . Thus, prior to patient use these products require marketing authorization that is based on 'pharmaceutical, preclinical and clinical documentation' [29] . However, developing a personalized phage therapy product or updating a preexisting phage cocktail which already has a marketing authorization will result in the need for a new or separate marketing authorization, to ensure the safety, quality and efficacy of the product, which is a complex and time-consuming process, thus immediately limiting the scope of phage therapy and in most cases rendering it ineffective where immediate treatment is required. Fauconnier [30] suggests the need for a novel regulatory framework to address the issue of customized phage therapy medicinal products in the form of a 'biological master file,' a procedure that is currently in existence for chemical drugs but not for biologically active substances. In this regard, regulatory approval could be sought for each individual phage, addressing issues of Good Manufacturing Practices as well as quality and safety issues. The final phage therapy product would be prepared as a magistral formula that refers to 'medicinal products prepared in a pharmacy in accordance with a medical prescription for an individual patient,' which does not require registration as it is beyond the scope of current European medicine legislation. Such an approach would require trained personnel with the ability to rapidly identify the infectious agent(s) and determine phage specificity prior to preparation of the formula, suggesting the need, at the very least, for dedicated phage therapy booths in pharmacies or perhaps phage therapy centers such as those which have been established in Georgia and Poland.
While personalized medicine is not a new field of therapeutics, it is a growing field with potential to save many lives. In this regard, new regulatory processes will undoubtedly come into existence that will continue to ensure the quality and safety of personalized treatments but without compromising therapeutic efficacy. When this will happen for phage therapy remains to be seen and is undoubtedly subject to the outcome of new and ongoing clinical trials. However, as we will see in the following section, performing clinical trials with phage(s) under the current system can be fraught with unanticipated regulatory and biological issues and while solutions continue to be sought, successful trials are an essential prerequisite to the introduction of phage therapy to conventional medicine. 
Phages & infectious disease
Despite the lack of controlled clinical trials, it is believed that phage therapy has provided enough evidence in clinical practice [11] to warrant further investigation through regulated clinical trials to establish it in the 'realms of evidence-based medicine' [31] . Such trials require completion in accordance with FDA or EMA guidelines of which the gold standard is double-blind, randomized-controlled multicenter (international) trials [32] . Three human pathogens, Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus, are the focus of recent and ongoing trials. Reproduced with permission from [37] .
P. aeruginosa
P. aeruginosa is a ubiquitous Gram-negative microorganism found in soil and water and can be isolated from plants, animals and humans but it is also an opportunistic pathogen which can cause a wide variety of hospital acquired infections, particularly in individuals with compromised immune systems, chronic pulmonary infections such as cystic fibrosis and open wounds [33] . Its metabolic diversity and ability to tolerate a variety of physical conditions through biofilm formation enables it to survive in community and hospital settings [34] . The pathogen has exhibited resistance against a range of antibiotics including members of the fluoroquinolones, β-lactams and aminoglycosides with multidrug-resistant varieties expressing resistance to three or more drug classes; achieved through the acquisition of resistance genes or chromosomal mutations [34] . Failure of antibiotic treatments has also been attributed to its ability to form biofilms [35] . Phages against P. aeruginosa have been isolated from settings such as hospital sewage, seawater, ponds and rivers [36] and a waste water treatment plant [37] ( Figure 2 ). The success of P. aeruginosa phages for the treatment of human ailments has been validated in several case studies and in a small number of clinical and preclinical trials [11] . In 2009, Wright et al. reported the results of a randomized, double-blind, placebo-controlled, Phase I/II clinical trial using phages to treat antibiotic-resistant P. aeruginosa in chronic otitis [38] . The phages were prepared by Biocontrol Limited, a British phage therapy firm and the trial was approved by the UK Medicines and Healthcare Products Regulatory Agency and the Central Office for Research Ethics Committees ethical review process. The trial included 24 patients, aged 2-58, infected with antibiotic-resistant P. aeruginosa with reported sensitivity to one or more of the six phages in the phage preparation (Biophage-PA). Twelve patients were treated with a single dose of Biophage-PA (containing 10 5 pfu of each of the six phages) and the other 12 received a placebo. Clinical and microbiological indicators were measured at 7, 21 and 42 days after treatment. There were no reported side effects such as headache or dizziness, abdominal discomfort or pain, ear pain or rash and the phage-treated group reported statistically significant clinical improvements from baseline for all clinic days (erythema/inflammation, p = 0.027; ulceration/granulation/polyps, p = 0.040; discharge type, p = 0.043; odor, p = 0.026) and significant reductions in P. aeruginosa numbers on days 21 (p = 0.009) and 42 (p = 0.016) that were not observed in the placebo group. Of note, although 44 patients were assessed for eligible inclusion in the trial, four were excluded because the swab-sampled P. aeruginosa was insensitive to the phages and 13 were excluded because mixed growth was observed on the initial swab. Matching the correct phage to the infectious agent is critical to the success of phage therapy and unpublished data from Georgian clinics suggest the critical need for sensitivity studies prior to treatment with phages [11] . For example, an FDA-approved Phase I trial examining the safety of a phage preparation for the treatment of venous leg ulcers containing phages against P. aeruginosa, S. aureus and E. coli reported no statistically significant differences between the treatment and control future science group www.futuremedicine.com group in terms of the wound-healing frequency and rate [39] . This is not surprising given that the infectious agents were not tested for sensitivity to the phages prior to treatment. However, as no safety concerns were reported, the way is now clear for Phase II efficacy trials. Unlike the previous smaller-scale trials, Phagoburn [40] is a European collaborative project that was launched in June 2013 to evaluate two phage cocktails for the treatment of burn wounds (PP1131 active against P. aeruginosa [13 phages in total] and PP0121 active against E. coli [12 phages in total]). The initial aim of the Phase I/II trial was to recruit 220 patients from intensive care units in 11 major burn facilities who would be randomly assigned to treatment and control groups [41] . In an article entitled 'Beleaguered phage therapy trial presses on,' Servick [42] outlined the setbacks that Phagoburn has encountered since its commencement. Firstly, the 12 months which had been allotted to establishing Good Manufacturing Practices for phage production took 20 months. Since the launch of the clinical phase of the trial in July 2015, only 15 eligible patients with P. aeruginosa infections and one with E. coli had been recruited. This can be explained by the fact that only patients presenting with a single bacterial infection are eligible but most are colonized with more than one type of bacterium. Consequently, the E. coli aspect of the study was terminated. Another setback that put patient recruitment on hold has been the request by France's National Agency for the Safety of Medicines and Health Products for proof of phage stability over time. Considering that the cocktail contains 13 highly similar phages, generating such data is extremely challenging. However, in June 2016, Servick [42] reported that recruitment had once again commenced since regulators accepted provisional measures demonstrating the sterility of the product along with its antibacterial activity. The company which developed the cocktail (Pherecydes Pharma, Romainville, France) is now investigating options to reduce the diversity of phages to decrease complexity, although such a move could reduce potency. Despite these issues, it is hoped that Phagoburn will successfully recruit 110 patients and it was hoped that efficacy data would be available by February or March 2017, but as of yet, no such data have been released. However, in March 2018, a notice on the Phagoburn website [40] stated that a detailed report showing results and outcomes will be added to the website shortly following scientific review.
E. coli
The species E. coli contains a diverse group of bacteria consisting of commensal and pathogenic members. They are generally found in the intestines of humans and animals where the commensals form an important component of the healthy intestinal microbiota [43] . Pathogenic members can cause childhood diarrhea, travelers' diarrhea in adults, bloody diarrhea, urinary tract infections, dysentery, meningitis, peritonitis, septicemia, hemolytic uremic syndrome [44, 45] or even thrombotic thrombocytopenic purpura [46] . In 2009, it was reported that the appearance of antibiotic-resistant E. coli strains was rapidly rising, particularly in relation to fluoroquinolones and third-and fourth-generation cephalosporins [47] . In 2016, a plasmid-encoded colistin-resistance mechanism was identified in E. coli isolates from China [48] and the USA [49] designated Mcr-1. Until now, reported colistin resistance has been confined to chromosomal mutations, which tended to be unstable and imposed a fitness cost on the bacterial host. The transmissible nature of mcr-1 heralds the inevitable progression of Enterobacteriaceae from extensive drug resistance to pan-drug resistance [48] .
Phages against E. coli have generally been isolated from sewage, hospital waste water, polluted rivers and human or animal fecal samples [50] . A few studies have investigated the safety of E. coli phages following oral administration to humans and to date no adverse effects have been reported [51] [52] [53] .
The Nestle Research Centre, Switzerland and the International Centre for Diarrhoeal Diseases Research in Bangladesh have been in collaboration over the last 20 years to investigate the efficacy of alternative treatments for diarrheal diseases [44] . Recently, they performed a Phase II clinical trial using phages on 120 children suffering from acute diarrhea, who were infected with E. coli [54] . A detailed report of this trial from initial phage isolation right though to interpretation of results has been recently published [44] . Two phage preparations were under investigation, the Microgen phage cocktail targeting E. coli and Proteus infections, which had been previously analyzed by metagenomic analysis [53] , and a T4-like phage-cocktail active against E. coli pathogens only (detailed isolation, characterization and production described in [44] ). An initial safety test in patients was performed to ensure that the phages would not cause the release of large quantities of bacterial endo-and exotoxins in the gut upon lysis of potentially high titers of E. coli pathogens, which could cross into the bloodstream via a damaged leaky gut barrier and result in a Jarisch-Herxheimer reaction -an adverse reaction resulting from bacterial lysis due to antibiotic treatment. None of the patients showed toxic reactions [44] . In the Phase II trial, patients were randomized into three groups and received either the T4-phage cocktail (3.6 × 10 8 pfu), the Microgen product (1.4 × 10 9 pfu) or placebo (colored water), in addition to the standard care of oral rehydration solution combined with zinc treatment [54] . While both groups receiving phage treatments showed significant increases in fecal phage titres compared with placebo (with the Microgen group displaying the highest number of phages), phage therapy did not improve diarrhea outcome above the standard oral rehydration solution/zinc treatment. Subsequent microbiological analysis of patient stools suggested several reasons as to why phage therapy failed in this instance. First, low levels of pathogenic E. coli were detected; in fact, pathogen and commensal E. coli represented less than 5% of the total fecal bacterial population, suggesting that phage amplification in the intestine was not possible due to the low levels of target bacteria. Hence, the detected phages in the fecal samples represented treatment phages which passively transited the gut. Mixed infections were frequently observed in stools, despite the prescreening step to select patients infected only with the E. coli pathogen; thus, the causative agent of the diarrhea is unclear. Interestingly, microbiota analysis revealed a correlation between diarrhea and increased levels of Streptococcus. The abundance of these streptococci decreased as recovery from diarrhea ensued that coincided with a parallel increase in Bifidobacterium abundance, leaving the authors to speculate if Streptococcus is the causative agent of the observed diarrhea, a hypothesis also favored by Chinese researchers investigating the causative agent of diarrhea in hospitalized children for which no specific pathogen could be identified [55] . Further work is clearly warranted to fully understand the etiological agents responsible for childhood diarrhea and to appreciate phage-host interactions in the complex microbial ecosystem of the gut. However, it is possible that phage therapy may be more suited to indications where the causative agent can be easily identified and treatment ensures contact between phage and pathogen (e.g., skin and soft tissue infections and respiratory infections).
S. aureus
S. aureus is carried on the skin or mucous membranes of between 25 and 30% of healthy humans [56] . It is considered one of the most important human pathogens due to its ubiquitous occurrence and virulence potential [57] . S. aureus causes 11,000 deaths annually in the USA alone, accompanied by an annual cost of approximately $14 billion [58] predominantly due to antibiotic-resistant strains [59] . Resistance to the antibiotics methicillin (and related antibiotics), the cephalosporins and vancomycin is of particular concern [60] .
Phages against S. aureus have been isolated from various locations including sewage [61] , farmyard slurry [62] , the milk of a cow with mastitis [63] and skin [64] as examples. By 2014, it was reported that more than 200 lytic S. aureus phages had been characterized [65] .
S. aureus phages have the advantage of being active against most members of the species owing to their relatively homogenous surface properties, unlike phages of Gram-negative organisms such as E. coli [66] . In this respect, S. aureus phage cocktails tend to be more commercially attractive due to the requirement for relatively few phages (2-3) [65] . The efficacy of S. aureus phages in disease treatment has been cited in several articles [11, 25, 65] . Most recently, topical administration with S. aureus phages (eye drops and nasal spray) and intravenous treatment successfully cleared a corneal abscess and interstitial keratitis in a 65-year old woman infected with vancomycinresistant S. aureus [22] .
The phage-based biotechnology company Ampliphi Biosciences performed a Phase I clinical trial investigating the preliminary effectiveness and safety of a propriety S. aureus phage cocktail (AB-SA01) for the treatment of chronic rhinosinusitis. The results were presented at the 2017 Australian Society of Otolaryngology Head and Neck Surgery Meeting in April 2017. The cocktail was well tolerated with no reported safety issues. S. aureus numbers decreased in all nine treated patients and preliminary 3-month follow-up data revealed continued improvement of symptoms [67] , leading the way for a Phase II clinical trial.
An essential consideration for phage therapy in the treatment of disease is the consequence of phage interactions with the host immune response. Humans are exposed to phages daily, through the environment and diet [68] and it is now known that phages are a major component of the intestinal microbiota [69] . In addition, a number of studies suggest that phages can penetrate other regions of the body and have been detected in the blood of healthy donors [70] , in the pericardial fluid of patients suffering from pericarditis [71] as well as in the blood and urinary tract of patients following phage therapy [72] . Thus, knowledge regarding the host immune response to phages should be considered when administering phage therapy [73] . Indeed, by investigating the antiphage activity of phagocytes, antibodies and serum complement in mice and incorporating the results into a mathematical model, Hodyra-Stefaniak et al. revealed that the mammalian host immune response to bacterial infection simultaneously removes phages [74] . The group suggests that when considering phage therapy, 'the complexity of mammalian immunity and the mammalian host-versus-phage (MHvP) immune response' should be considered. However, results from human patients suggest future science group www.futuremedicine.com that phage therapy can still be efficacious in the event of immune induction. In a study involving 122 patients attending the Phage Therapy Unit in Poland, -Lusiak-Szelachowska et al. reported that induction of antiphage antibodies to phage therapy in patient sera depended on route of phage administration whereby orally treated patients had low antiphage activity compared with some of those treated locally [75] . Importantly, the authors state that induction of antiphage activity in patient sera during or after treatment did not exclude a favorable outcome of treatment. Likewise, a study of 20 patients receiving the staphylococcal MS-1 phage cocktail orally and/locally reported that most did not reveal higher levels of antiphage antibodies in their sera during treatment [76] . Moreover, efficacy of phage treatment was not compromised in patients who revealed an increased immune response (mostly IgG and IgM). Interestingly, however, some patients who exhibited weak antiphage antibody induction before and during treatment failed to respond to treatment. Thus, the authors concluded that antiphage antibody induction does not necessarily influence the outcome of phage therapy. More recently, phage neutralization levels in the sera could not be correlated with the outcome of phage therapy in a study involving 62 patients and 30 healthy volunteers [77] . A study investigating the effect of phage preparations on the bacterial killing activity of phagocytes in 51 patients receiving phage treatment for chronic bacterial infections revealed that phages do not interfere with phagocyte activity [78] . While these studies provide further support for the safety of phage therapy and suggest that the immune response does not necessarily interfere with the efficacy of treatment, more studies of this nature are vital and may even shed light on the often conflicting results observed for phage therapy treatments (Table 1) and pave the way for innovative formulation and delivery strategies. As an example, liposome-entrapped phages were 100% protected from murine-neutralizing antibodies, whereas unentrapped phages were neutralized within 3 h of antibody exposure [79] , albeit neutralization does not necessarily affect the outcome of phage treatment in humans [75, 77] . Moreover, the entrapped phages were successfully delivered into murine macrophages, resulting in 94.6% killing of Klebsiella pneumoniae compared with 21.4% killing by the unentrapped phages after 24 h. In conjunction with amikacin, the entrapped phages were capable of eradicating mature K. pneumoniae biofilm. This suggests that phage formulation could be a critical component in determining the success rate of clinical outcomes. Thus, pharmacokinetic and pharmacodynamic studies of phage preparations and protected phage formulations should be essential prerequisites toward determining the efficacy of phage therapy in clinical applications.
Is phage resistance an issue?
It is known that bacteria harbor an array of phage-resistance mechanisms with the ability to impede the phage lytic lifecycle at various stages [80] . Adsorption inhibition describes a mechanism whereby the bacterium prevents phage attachment to the receptor resulting in the generation of bacteriophage insensitive mutants (BIMs) and can be achieved by multiple mechanisms including modification of the receptor through mutations, loss of the receptor (e.g., reduced expression) or production of extracellular polysaccharides, which shield the receptor. Restriction modification systems generally consist of a restriction endonuclease, which cleaves foreign DNA at specific recognition sites. Host DNA is protected through modification by a partner methyltransferase that recognizes the same sites. The CRISPR-Cas system has been described as adaptive immunity for prokaryotes and cleaves invading DNA that contains a nucleotide sequence matching a cognate sequence (spacer) in the host's CRISPR array, the spacer having been incorporated into the CRISPR array during a previous exposure [81] . Abortive infection describes a diverse range of host mechanisms, which can interfere with different stages of the phage infection process from phage transcription right through to phage packaging [82] and generally results in death of the infected cell. Recently, a novel phage resistance system, termed BREX (bacteriophage exclusion) was identified [83] , and is distantly related to the phage growth limitation system of Streptomyces coelicolor [84] .
Unlike antibiotics phages have the ability to evolve and escape these mechanisms [80] . However, this generally gives way to an escalation of defense and counter-defense cycles as bacteria evolve against the 'co-evolved' phages and so on and is termed the arms race dynamic. On an optimistic note, the acquisition of phage resistance may result in reduced fitness in the bacterial cell with deleterious consequences for growth rate and even pathogenicity particularly if the phage receptor is required for virulence, a topic which has been recently reviewed by León and Bastías [85] . For example, while P. aeruginosa phage-resistant derivatives appeared following a single dose of phages to fibrin clots in vitro, they failed to emerge in vivo in a rat model of endocarditis due to P. aeruginosa following a single dose of the same phage cocktail [86] . The authors attribute this to potential phage resistance mutations in important bacterial surface determinants required for infectivity. Because of this phenomenon, high-throughput screens are now being used to identify small-effector molecules that inhibit one or more steps involved in the production of a functioning phage receptor in the search for next-generation therapeutics [87] . Moreover, phage resistance has also been associated with increases in antibiotic susceptibility. This was recently observed in a P. aeruginosa phage-resistant mutant to phage OMKO1, which utilizes the outer membrane porin (OprM) of the multidrug efflux systems MexAB and MexXY as a receptor [88] . In this case, phage resistance altered the efflux pump mechanism of the multidrug-resistant P. aeruginosa resulting in increased sensitivity to drugs from several antibiotic classes.
The phage cocktail has been touted as an effective solution whereby two or more phages infect the same target bacterium, thus reducing the likelihood of emerging resistance. For example, a cocktail of C. difficile (temperate) phages resulted in the complete lysis of the pathogen in vitro while a single phage caused an initial reduction followed by the emergence of resistant mutants, albeit these resistant colonies were susceptible to infection by an unrelated phage [89] . In the same study, the optimized phage combinations delayed the onset of symptoms of C. difficile infection by 33 h in a hamster model when compared with the control but failed to elicit complete protection. In another study, a single phage proved as effective as a phage cocktail at reducing Campylobacter jejuni load in commercial broilers, although the cocktail delayed the emergence of phage resistance [90] . Pretreatment of hydrogel-coated catheters with P. aeruginosa phage M4 significantly reduced biofilm formation by P. aeruginosa M4 within 24 h when compared with the untreated control (2.8 log reduction) [91] . Biofilm isolates resistant to phage M4 were isolated and their phage susceptibility profiles were used as a guide to generate a five-phage cocktail that generated a significant reduction in biofilm formation when compared with treatment with the single phage. However, five distinct P. aeruginosa morphologies were isolated from the cocktail-treated catheters and while four remained sensitive to at least one of the phages in the cocktail, one isolate was resistant to all five phages, and demonstrated greater biofilm formation capacity than the M4 parent strain. The authors suggest that continued screening might result in the identification of a lytic phage against the resistant isolate but that the phage cocktail approach is best suited to applications that provide protection against initial bacterial challenge rather than those that require prolonged protection. O' Flynn et al. demonstrated that BIMs emerged at the same frequency against two phages in a three-phage cocktail (10 -6 colony-forming units [CFU]), while the frequency of BIM emergence against the third phage in the cocktail was higher, at 10 -4 CFU [92] . However, the BIMs exhibited an altered morphology when compared with the parent strain, being coccoid rather than rod-shaped, and reverted to phage sensitivity after 50 generations in the absence of phages.
These studies suggest that while the cocktail at most delays the emergence of phage-resistant mutants, it does not eliminate the risk. However, the phage cocktail was never intended to be a static, predefined treatment but one which can be adapted as needed as is practiced in Georgia and Poland. It is also important to point out that good results have been reported for phage monotherapy (the use of a single phage) in human studies [93] , albeit it has been reported that phage resistance did occur during the course of treatments [26] . Despite this, Górski et al. state that preliminary clinical observations have not indicated that the phage cocktail is superior to the single phage [93] .
The ubiquitous nature of phages suggests that alternative lytic phages should be easily isolated. To test this hypothesis, Mattila et al. investigated if on-demand phage isolation could be achieved against the most common hospital-borne-resistant pathogens including MRSA, extended spectrum β-lactamase E. coli and K. pneumoniae, multidrug-resistant P. aeruginosa, vancomycin-resistant Enterococcus, Acinetobacter baumanii and a variety of Salmonella species using sewage water as a source [94] . The study involved 283 isolation attempts against 83 different host strains. On-demand phage isolation was feasible for P. aeruginosa, Salmonella and extended spectrum β-lactamase E. coli and K. pneumoniae. The probability of finding phages against Enterococcus and A. baumanii was less than 40%, while finding phages against MRSA proved very difficult. However, as previously mentioned, phages against S. aureus tend to have a broader host range [66] . For example, phage K was shown to lyse 22 of 36 distinct human-derived MRSA strains, as well as teicoplanin-and vancomycin-resistant strains and eight other tested species, namely S. epidermidis, S. saprophyticus, S. chromogenes, S. capilis, S. hominis, S. heamolyticus, S. caprae and S. hyicus [95] . Interestingly, the phage was initially deemed incapable of infecting 14 human-derived MRSA strains; however, incubation of the phage with these strains resulted in modified phage variants which were capable of lysing the previously sensitive strains. This process of phage 'training' generally involves serial transfers of the phage in its ancestral host. It has resulted in the generation of an improved phage in terms of infectivity against P. aeruginosa cystic fibrosis isolates, since fewer P. aeruginosa strains (50% less) could evolve resistance against the evolved phage compared with the ancestral phage [96] and in generating a P. aeruginosa phage with improved in vivo efficacy and expanded host range [97] . In this study, the improved phage was fully sequenced revealing a difference of two single nucleotide mutations when compared with the parent phage highlighting the ease with which phages can be optimized over conventional antibiotics.
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Moreover, by coincubating four phages with multiple P. aeruginosa strains, Mapes et al. generated undefined phage mixtures with expanded host range which were used to generate defined cocktails with predictable and broad host ranges and which were capable of reducing biofilm formation and reducing preexisting biofilms when used against sensitive isolates [98] . Indeed, it has been suggested that multiple strains should be used during phage isolation to produce broader host range phages [99] . Specifically, phages isolated against E. faecalis using a mixture of two host strains exhibited broader host ranges than phages isolated using a single host strain.
Overall, these studies reveal that phage cocktails or indeed single phage in the case of monotherapy can be upgraded by either isolating new lytic phages or improving the infectivity and host range of existing phages. Interestingly, in a 'step-by-step' approach, Gu et al. generated a phage cocktail against K. pneumoniae using wildtype bacteria to isolate the initial lytic phage and then its phage-resistant derivatives were used to isolate further lytic phages and this process was continued until the last phage-resistant bacterium was sensitive to the next isolated phage resulting in a cocktail targeting the wild-type strain and its phage-resistant variants [100] . The cocktail generated in this way was capable of protecting four out of five mice from K. pneumoniae bacteremia.
While often the killing potential of a cocktail is greater than the combined killing potential of the single phage -referred to as synergy [14] , it is important to note that phages in a cocktail may also interfere with each other -and this was observed in food trials using E. coli phages CEV1 and CEV2, whereby CEV1 prevented CEV2 reproduction in E. coli cells [101] . In this regard, it is critical that phages within a cocktail are compatible. Indeed, Gill and Hyman advise using phages which adsorb to independent bacterial receptors [102] .
Overall, phage resistance can be much more easily overcome than antibiotic resistance using updated, targeted cocktails or an alternative lytic phage in the case of monotherapy; however, this will depend on the regulatory framework governing phage use for medical purposes. In this regard, the 'biological master file' approach recommended by Fauconnier [30] seems the most fitting course of action by ensuring that the most effective phage or phage combinations can be used at the most appropriate times for disease treatment.
Conclusion
This is an exciting juncture in phage biology, where we can look back on the knowledge gleaned over the last 100 years, understand the successes and failures, and hopefully move phage therapy forwards with realistic expectations -a viable strategy to counter the antibiotic resistance crisis of the 21st century, giving us access to targeted antimicrobials to treat infections but which do not damage the microbial partners which are key to the health of the human. Inarguably, one of the greatest impediments to the success of phage therapy in parts of the world other than eastern Europe is current legislation. The conundrum is that the legislation is unlikely to change if clinical trials fail to convince the regulators that phage therapy works, yet it appears that the legislation is limiting the very potential of this therapy in current clinical trials. Regulatory authorities must understand the dynamic nature of phage therapy if it is to be a success. Thus, the support of regulatory authorities along with consumer and practitioner education and acceptance will be critical. Furthermore, it is important that scientists conduct rigorous trials to the highest standards to convince regulatory authorities that phages present a viable alternative or addition to existing therapies. It is important that we learn from the mistakes of the past, and perhaps we may even have to limit the many possible applications of phages to properly exploit their potential in human health. Should the phages we plan to use in human medicine also be used in food, the environment and agriculture? Can phages be used systemically or are they limited to oral and topical applications? We stand at the brink of an explosion of interest in phages as therapeutics, as diagnostic tools and as precision tools for shaping and understanding the microbiome -truly it seems as if we may be entering the next age of the phage.
Future perspective
Perhaps one of the most vital keys in unleashing the full potential of phage therapy is the ability to rapidly identify the pathogen(s) of concern in the first place. Rapid and accurate identification should ensure that the most accurate phage 'prescription' is applied. To this end, phages themselves are proving to be powerful biosensing tools with the ability to discern microbes to the strain level whether through phage amplification and phage lysis assays, or as reporter phages and phage-based bionsensors, a topic which has been reviewed by Tawil et al. [103] . These assays generally enable the rapid detection of low numbers of bacterial cells without the need for preenrichment steps. As an example, the Enzyme-linked Long Tail Fibre Assay recently developed by Denyes et al. has the capacity to detect as few as 10 2 Salmonella cells per ml in 2 h [104] . In this case, recombinant long-tail fiber (LTF) complexes from phage S16 were conjugated with horse radish peroxidase-LTF and another set of recombinant tail fiber complexes were used to coat paramagnetic beads (LTF-MBs). The LTF-MBs were capable of capturing Salmonella from various foods enabling detection of 1-10 CFU per 25 g/ml, while the horse radish peroxidase-LTF allowed rapid colorimetric detection of bead-captured Salmonella. Continued research into this field is essential for the development of low-cost, easy-to-use assays with the capacity for pathogen identification in the shortest time possible.
Genetic engineering also has the potential to generate superior phages with broader host ranges, better survival rates, and could help to convert lysogenic phages to obligately lytic lifecycles [105] . However, the use of genetically modified phages for clinical purposes would undoubtedly be met with resistance given the level of opposition to genetic engineering. A recent expert round table on the acceptance and reimplementation of phage therapy [106] suggests there is sufficient potential in already existing phages to create new opportunities for treating bacterial infections. For example, combining phages with antibiotics has generated impressive synergistic results [86, 107] warranting further studies of this nature and suggests that combining phages with other antimicrobials is worth investigating.
Moreover, in the introduction we stated that N. gonorrhoeae was resistant to all known antibiotics in certain countries. While lytic phages against this pathogen have not been isolated to date, its genome sequence has been shown to harbor multiple intact or truncated prophages [108] . One such prophage, NgoF6, has recently been used in the development of a gonococcal vaccine and resulted in the generation of antibacterial sera against N. gonorrhoeae following oral immunization of rabbits with attenuated Salmonella cells expressing the N. gonorrhoeae filamentous phage [109] .
In this regard, continued research into the mammalian immune response to phages is essential and should add to our understanding of clinical trial outcomes and as in the study above may well lead to the development of novel vaccine treatments. Research has shown that phages are capable of inducing an immune response though it does not appear to influence treatment outcomes [75, 77] . Despite this, it is possible that phages could benefit from protection such as encapsulation. We had previously speculated that the inhibition of phage infection in raw milk was due to complement (causing clumping of the target pathogen) [110] , which might suggest that applications in blood could be limited. Such formulations should ensure longer phage survival in the mammalian blood system or aid survival in the harsh gastrointestinal conditions. Moreover, recent studies suggest that phages may have an important role to play in immune homeostasis [111] , with particular emphasis on the gut [112] where phages have been shown to account for approximately 90% of gut virome (viruses and phages) composition [113] . In addition, a recent study revealed that intraperitoneal application of phage lysates to a murine model of rheumatoid arthritis did not aggravate the course of the condition but rather the purified phage lysate exerted an immunosuppressive effect [114] . While further research is warranted, such results suggest potential for the development of new and innovative phage-based therapeutics for clinical use. 
Executive summary
The status of phage therapy in eastern Europe & the western world • Phage therapy continues to be used in certain regions of the world including eastern Europe for both prophylactic and therapeutic purposes. However, the paucity of controlled clinical trials makes it difficult to evaluate its effectiveness by western standards.
• Current EU regulatory frameworks dramatically limit the potential of phage therapy given that its success is dependent on the ability to update phage preparations or develop personalized preparations with pathogen-specific phages.
• A novel regulatory framework to address the issue of customized phage therapy medicinal products is required. .
Phages & infectious disease
• Three human pathogens, Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus, are the focus of recent and ongoing clinical trials.
• It is critical that the correct phage is matched to the infectious agent prior to treatment.
• The consequence of phage interactions with the host immune response is an important consideration for phage therapy. Pharmacokinetic and pharmacodynamic studies of phage preparations are essential toward determining the efficacy of phage therapy in clinical applications.
Is phage resistance an issue?
• The phage cocktail has been touted as the solution to phage resistance. However, at most the phage cocktail will delay the emergence of phage-resistant mutants, but will not eliminate the risk as a standalone treatment. The success of the phage cocktail, or a single-phage treatment, is dependent on the ability to be able to adapt it as needed with pathogen-specific phage(s).
• New phages can be easily isolated from the environment or by 'training' existing phages to generate improved phages in terms of infectivity and host range. However, current regulations make it virtually impossible to take advantage of this key feature of phage therapy.
